ABSTRACT 1
dehalogenases in the Dehalococcoidia. 23
Conclusions

24
The conserved synteny of the rdhA genes observed across Dehalococcoides genomes 25
indicates that the major differences between strain rdhA gene complement has resulted from 26 gene loss rather than recombination. These rdhA have a long evolutionary history and trace their 27 origin in the Dehalococcoidia prior to the speciation of Dehalococcoides and Dehalogenimonas. 28
The only rdhA genes suspected to have been acquired by lateral gene transfer are protein-coding 29 rdhA that have been identified to catalyze dehalogenation of industrial pollutants. Sequence 30 analysis suggests that evolutionary pressures resulting in new rdhA genes involve adaptation of 31 sequence, two FeS clusters, and a corrinoid-binding domain. While many dehalogenase 93 sequences can be identified in any particular D. mccartyi genome, only a select few have been 94 found expressed in response to different CAHs [27, 28] . As a result, only a few dehalogenases 95 have been characterized out of the over five hundred Dehalococcoidia sequences that are found 96 in ref_seq in NCBI. These include VcrA (primarily VC, but also TCE, DCE and 1,2-DCA to 97 ethene [29] ), TceA (primarily TCE to cDCE [30] ), PceA (PCE to TCE and 2,3-dichlorophenol 98 (2,3-DCP) to monochlorophenol [28] ), BvcA (cDCE, VC and 1,2-DCA to ethene [31] ), MbrA 99 (PCE to tDCE [32] ), CbrA (1, 2, 3 ,4-tetrachlorobenzene to 1,2,4-trichlorobenzene, also 1,2,3-100 trichlorobenzene to 1,3-dichlorobenezene [33] ), PteA (TCE to ethene [34] ),TdrA (tDCE to VC 101
[35]), DcpA (1, ) and CerA (VC to ethene [6] ). Organohalide respiring 102 bacteria are widely distributed among different phylogenies [37] , and several additional 103 dehalogenases have been characterized from outside the Dehalococcoidia. The only structures 104 available are from a respiratory reductive dehalogenase, PceA, from Sulfurosprillum multivorans 105
[38] and a catabolic (intracellular) reductive dehalogenase RdhANP from Nitratireducter 106 pacificus [39] . Hug et al. [18] proposed a naming system for grouping dehalogenase sequences 107 for ease of comparison, despite most not having ascribed substrate. A relatively arbitrary cut off 108 of 90% amino acid similarity was proposed to define sets of orthologous RdhA sequences (i.e. 109
Ortholog Groups, or OG) which likely share the same or similar substrates [18, 35] . available Dehalogenimonas sequences to build a pangenome and to begin to identify factors 120 influencing genome evolution, DNA recombination and specifically in the evolution of 121 dehalogenase genes. DNA and amino acid sequence information was used to particularly 122 investigate reductive dehalogenases that have not yet been biochemically characterized. 123
METHODS
124
Enrichment cultures analysed 125
The KB-1 cultures were originally enriched from aquifer materials at a TCE 126 contaminated site in southern Ontario as previous described [2, 3, 42] . Four different enrichment 127 cultures were created. The parent culture was first enriched in 1996 with TCE and methanol as 128 electron donor (KB-1/TCE-MeOH). A subculture was created in 2001 that was amended with 129 VC and H2 as electron donor (KB-1/VC-H2 culture [42] ). In 2003, two additional subcultures of 130 the parent culture were established, one with cDCE and methanol (KB-1/cDCE-MeOH), and one 131 with 1,2-DCA and methanol (KB-1/1,2-DCA-MeOH). These cultures have been maintained on 132 these substrates ever since; details of culture maintenance are provided in supplemental 133 information. 134
Metagenomic sequencing and genome assembly 135
DNA for metagenome sequencing was extracted from larger samples (40-615 mL) taken 136 from the three stable enrichment cultures described above: KB-1/VC-H2 (40 mL culture sample), 137 KB-1/TCE-MeOH (500 mL sample), KB-1/cDCE-MeOH (300 mL culture) and KB-1/1, 2-DCA-138
MeOH (615 mL sample). Extractions were conducted between February and May, 2013. 139 Cultures were filtered using Sterivex™ filters (Millipore 0.2 µm) and the DNA was extracted 140 using the CTAB method (JGI bacterial genomic DNA isolation using CTAB protocol v.3). DNA 141 was sequenced at the Genome Quebec Innovation Sequencing Centre using Illumina HiSeq 2500 142 technology. Paired-end sequencing with an insert size of ~400 bp and read length of ~150 bp 143 provided roughly 50 million reads per culture. Additional mate-pair sequencing with insert size 144 of ~8000 bp and read length of ~100 bp was conducted for the KB-1/TCE-MeOH and KB-1/1, 2-145 DCA-MeOH cultures where we had more DNA. In the case of metagenomic sequencing using 146 short-read Next Generation Sequencing (NGS), we have demonstrated the utility of long-insert 147 paired-end data in resolving challenges in metagenomic assembly, especially those related to 148 repeat elements and strain variation [44] . In this study, we applied Illumina mate-pair sequencing 149 to incorporate such data. Although other long-read sequencing technologies (e.g. PacBio SMRT 150 sequencing, Nanopore sequencing, Illumina Synthetic Long-Read Sequencing Technique and 151 10x Genomics) are also used, Illumina mate-pair sequencing is a cost-effective choice for the 152 goal of obtaining both high sequencing depth and accuracy and long-distance mate pair links. 153
Raw sequences were trimmed with Trimmomatic [45] to remove bases of low quality and to 154 remove adapters. 155
The D. mccartyi genomes were assembled in six steps as described below. In Step 1 we 156 generated ABySS unitigs with Illumina Paired-end data using ABySS assembler [46] . These 157 unitigs were the main building blocks in the assembly of the complete genomes. ABySS 158 assemblies generate both unitigs and contigs. Unlike contigs, unitigs are generated solely by 159 overlapping k-mers and their assembly does not utilize the paired-end constraints. As a result, the 160 maximum overlapping length between unitigs is the length of k-mer size minus one. When using 161 the ABySS to assemble metagenomic data, we used the maximum k-mer size allowed, 96 bp, 162 since the raw read length was 150bp, much longer than 96 bp. When configuring ABySS runs, it 163 was critical to utilize the -c parameter, which specifies a cut-off, the minimum k-mer 164 depth/coverage used in the assembly. Sequences/unitigs with k-mer coverage lower than this cut-165 off will be ignored in the assembly, which allows users to have good assemblies of high 166 abundance organisms as the interferences caused by low abundance organisms (especially those 167 of close relatives) and by sequencing errors are removed. It is important to make sure that the k-168 mer depth of the sequences of the target genomes is higher than this threshold so that you have 169 all sequences/unitigs you need to close the target genomes. For example, if the average k-mer 170 depth of the target genome is 100, try 20 for the -c cut off. We used a combination of 16S rRNA 171 amplicon sequencing and qPCR to get an idea of the relative abundances of our target organisms 172 in our metagenome prior to attempting different ABySS assemblies. 173
In Step 2 we generated a genome-wide reference sequence for the target genome, which 174 will be subsequently be used to guide the scaffolding of unitigs. This reference sequence can be 175 obtained in different ways. If there are long-distance mate-paired data as what we had for KB-176 1/T3MP1-MeOH and KB-1/1, 2-DCA-MeOH cultures, this reference sequence can be built de 177 novo. We used two ways to build it: (1) using a standalone scaffolding program, SSPACE v. 2.0 178
[47], to generates scaffolds with ABySS contigs/unitigs utilizing the mate-paired constraints, (2) 179 using ALLPATHS-LG [48] to generate the assembly with both paired-end and mate-pair data as 180 inputs. ALLPATHS-LG turned out to be the most effective way in most cases. A publicly 181 available closely related closed genome might also be able to serve as a reference genome to 182 guide scaffolding of unitigs in the next step. 183
One major challenge in metagenomic assembly is cross-interference between closely 184 related genomes, such as strains of the same species. The sequence similarity/dissimilarity 185 between these closely related genomes tend to break the assembly. If a genome had a closely 186 related genome interfering in its assembly, we attempted to assemble the genome with 187 ALLPATHS-LG using both short-insert paired-end data and long-insert mate-pair data. In Step 3, we used the best assembly generated from Step 2 to guide the scaffolding of 195 unitigs generated from Step One. The scaffolding process is based on sequence comparison 196 between the unitigs and the reference assembly by BLAST. After that, unitigs that have a k-mer 197 depth significantly lower or higher than the average k-mer depth of the genome are removed. 198
The basic assumption here is that unitigs with k-mer depth higher than average likely belong to 199 repetitive sequences (such as rRNA gene operons and transposons) and unitigs with a k-mer 200 depth lower than average are more likely to be strain specific. In other words, only unitigs with 201 k-mer depth around average (we used 90%-110% of average) are kept; these unitigs are likely 202 shared by closely related genomes. After that, the gap distance between the neighbouring unitigs 203 is estimated based on the reference assembly. In brief, this process generated a scaffold 204 consisting of unitigs shared by all closely related strains; this will service as a backbone for 205 subsequent gap resolution. 206
In Step 4, we identify all potential solutions for all gaps between unitigs in the scaffold. 207
This step is performed by filling the gaps with the remaining unitigs mostly based on sequence 208 overlap between unitigs; we published a similar process previously [44] . In the updated script 209 (available in supplemental information), we have improved the process by incorporating paired-210 end and mate-pair link information between unitigs to help guide the searching process. The 211 paired-end and mate-pair links were obtained by mapping raw reads against unitigs. Solutions 212 identified this way fulfill the constraints of sequence overlap, paired-end links and mate-pair 213 links. If there are multiple solutions to a gap and they have k-mer depth lower than the average, 214 this suggests the presence of strain variation. In the end, this step generates a closed assembly, 215 having some gaps with multiple solutions in cases of strain variation. 216
In Step 5 we bin these multiple solutions caused by strain variation to different genomes 217 based on sequencing depth or k-mer depth. For example, if there are always two solutions, one of 218 k-mer depth of 60 and the other one of 40, we will assign all solutions with higher depth to one 219 strain and the rest to the other strain. This approach is unfeasible if the two strains happen to 220 have similar abundance and thus similar sequencing depth. Things become more complicated 221 when there are more than two strains; in such case, we only try to resolve the genome of the could not be assembled implying that although eight genomes were closed, the total number of 239 KB-1 D. mccartyi strains is at least eleven. Each genome was annotated first using RAST [51] , 240 with hypothetical annotations resubmitted to BASys [52] some of which were assigned an 241 annotation. Microbial Genomes Check from NCBI assisted in finding errors produced from 242 automatic annotation. Results were manually inspected and corrected where required using 243
Geneious ORF finder. NCBI automatically annotates reference sequence version using PGAP 244 [53] . Additional searches for conserved domains were conducted using NCBI conserved domain 245 search (E-value threshold of 0.01). The origin of replication was identified using Oriloc in R 246 [54] . 247
Amplicon Sequencing and Analysis
248
For microbial community analysis, amplicon sequencing was performed on extracted 249 DNA, which was amplified by PCR using general primers for the 16S rRNA gene. The universal 250 primer set, 926f (5'-AAACTYAAAKGAATTGACGG-3') and 1392r ( region. The PCR products were verified on a 2% agarose gel and replicates were combined and 268 purified using GeneJET TM PCR Purification Kit (Fermentas, Burlington, ON), according to the 269 manufacturer's instructions. The concentrations of PCR products were determined using a 270 NanoDrop ND-1000 Spectrophotometer at a wavelength of 260 nm (NanoDrop Technologies, 271
Wilmington, DE). The concentrations and qualities of the final PCR products were also 272 evaluated by running them on 2% agarose gels, and comparing band intensities to those from a 273 serial dilution of ladders with known DNA concentrations. 274
Taxonomic assignments of 16S rRNA reads 275
The raw DNA sequences obtained from the sequencing center were processed using the 276 Quantitative Insights Into Microbial Ecology (QIIME v1. [62]; and 4) tceA dehalogenase: tceA500f (5' TAATATATGCCGCCACGAATGG-3') and 296 tceA795r(5'-AATCGTATACCAAGGCCCGAGG-3') [28] . Samples were also analysed using 297 general bacteria 16S rRNA primers GenBac1055f (5'-ATGGCTGTCGTCAGCT-3') and 298 GenBac1392r (5'-ACGGGCGGTGTGTAC-3') [63] . DNA samples were diluted 10, 50 or 100 299 times with sterile UltraPure distilled water, and all subsequent sample manipulations were 300 conducted in a PCR cabinet (ESCO Technologies, Gatboro, PA). Each qPCR reaction was run in 301 duplicate. Each qPCR run was calibrated by constructing a standard curve using known 302 concentrations of plasmid DNA containing the gene insert of interest. The standard curve was 303 run with 8 concentrations, ranging from 10 to 10 8 gene copies/µL. All qPCR analyses were 304 conducted using a CFX96 real-time PCR detection system, with a C1000 thermo cycler (Bio-Rad 305 analyzed. Core genes were identified using reciprocal BLASTp followed by manual inspection. 320
Each gene was aligned using muscle v. 3.8.3. 1 [64] with default settings. The alignments were 321 concatenated to create one long alignment (138,334 bp long, 26 sequences, 83% pairwise 322 identity). A maximum likelihood (ML) tree was built using RAxML [65] plugin in Geneious 323 8. 1.8 [50] with GTR gamma nucleotide substitution model and 100 bootstrap replicates. The best 324 scoring ML tree was chosen as the final tree. 325
Five-hundred and fifty one rdhA sequences were selected to create a nucleotide 326 phylogenetic tree using Geneious 8.1.8. These included all rdhA which have been assigned an 327 ortholog group (OG) number from the RDase database, all rdhA from three Dehalogenimonas 328 (lykanthroporepellens, alkenigignens and sp. WBC-2) and a reductive dehalogenase from 329
Desulfoluna spongiiphila as the out-group. D. spongiiphila is an anaerobic, sulfate-reducing 330 bacterium isolated from a marine sponge [66] . The alignment and tree building was conducted 331 using muscle and RAxML as described above. FigTree 1.4.2 was used to visualize and further 332 edit the tree to generate figures in this paper (http://tree.bio.ed.ac.uk/software/figtree/). 333
The ratio of synonymous substitutions (Ks) to non-synonymous (Ka) was compared. Dehalogenimonas. A correspondence analysis (CA) was used to compare the contents of the 359 protein clusters with the genomes they were generated from. In this analysis a total of 2875 360 homologous protein clusters were generated. A scree plot was used to compare the percentage 361 contributions of each dimension to the expected value (3.6%, if all dimensions contributed 362 equally) in order to only consider significant dimensions. As a result, we reduced the number of 363 dimensions from 28 to 9. The contributions of individual genomes and protein clusters were 364 identified by creating a bar plot of top contributors and comparing to a reference line 365 corresponding to the expected value if the contributions were uniform. Any row/column with a 366 contribution above the reference line was considered important to the final ordination. All 367 analyses were conducted using R. 3.4.0. using FactoMineR, factoextra and vegan packages. The microbial diversity found in the KB-1 consortium and derived sub-cultures has been 383 studied since its first enrichment from TCE-contaminated soils in 1996 [8, 71] . In this study we 384 Table S1 ). The WBC-2 trans-DCE 399 (tDCE) enrichment culture grown with lactate and EtOH as electron donors similarly has 400 fermenting organisms (primarily Veillonellaceae, Spirochaetaceae, Bacteriodales, Figure 1) , 401 methanogens (Methanosphaerula, Figure 1) , Dehalogenimonas sp. WBC-2 degrading tDCE to 402 VC [7] and Dehalococcoides mccartyi WBC-2 degrading primarily VC to ethene [7, 74] . The main purpose of this round of 16S rRNA amplicon sequencing was to assist with the 407 assembly of mate-pair and paired-end sequencing conducted in order to close Dehalococcoidia 408 genomes. Better assemblies produced longer contigs which aided in genome closing. Figure 1  409 shows the combined data from 16S rRNA amplicons sequencing, metagenomic Illumina 410 sequencing and qPCR used in concert to close D. mccartyi genomes. 411
General features of new D. mccartyi KB-1 genomes 412
Eight complete genomes of D. mccartyi strains were assembled (Figure 2 ) and annotated 413 from three different enrichment cultures (Table 1) 
Reductive dehalogenase genes in Dehalococcoides mccartyi and conserved synteny 436 Hug et al. (2013) [18] developed a classification system for reductive dehalogenases 437
where sequences were assigned to orthologous groups (OGs) based on ≥ 90% amino-acid 438 similarity to attempt to cluster rdhA sequences into groups with activity on the same specific 439 (Figure 5B , 463 Table S2 for details). (Table S3) . 474 Syntenic OG alignments have small Ka/Ks ratios suggesting that while a small fraction of 475 mutations are deleterious, the rest are neutral meaning they are not currently under selective 476 pressure. In summary, the first, and most common trend observed from sequence information is a 477 consensus order of rdhA genes which are ancestral and not in current use (Table 2) . 478
In four instances there is evidence for positive selection on RdhA. For example OG 13 479 and 71 occur in the same position in the genome, but different strains present either one or the 480 other member of the pair, but not both. OG13 (Figure 7) , which is found in Pinellas and Victoria 481 clades, is highly similar to OG71 found in the same location in the genome only in Cornell 482 strains (Figure 7 ). In this case OG13 dehalogenases have small Ka/Ks ratios, while OG17 in has 483 high ratios suggesting a positive selection of the latter. Conditions experienced by Cornell strains 484 likely lead to the use and specialization of this dehalogenase to local conditions. We thus can 485 define a second trend in dehalogenases in D. mccartyi being the evolution of new dehalogenases 486 from existing ones (Table 2) . 487
Three rdhA are thought to have been acquired horizontally by D. mccartyi including tceA 488 (OG5, Figure 7 ) [17], bvcA (OG28) [11] , and vcrA (OG8) [11, 16] by Dehalococcoides approximately ~1000 years ago, possibly earlier, after the Dehalococcoides 494 clade speciation event. All rdhA related to mobility genes also have few mutations within OG 495 similarly to vcrA, also suggesting that they were acquired in a more recent time frame (Table  496 S3). Interestingly, all of these OGs have members which have been biochemically characterized 497 due to their connection with industrial pollutant degradation. 498
Four OGs display movement within a genome, rather than between genomes (as 499 described above). Victoria clade strains VS, CG1 and GY50 contain examples of an OG group 500 occurring twice in the same genome suggesting a duplication event. Duplicated OGs occur in 501 different HPRs, not in tandem (Table S2 ). In one case, movement of rdhA appears to have 502 occurred within genome without duplication such in the case of the gene for PceA (OG30). OG 503 30 is syntenic in HPR2 in 14 strains with the exception of strain 195 where it occurs in HPR1 504 (Table S2) . In strain 195, pceA is located near a serine recombinase which possibly mediated its 505 movement. Additionally strain 195 pceA is present without its usual upstream transcriptional 506 regulator thought to be responsible for rdhA regulation [88, 89] . Transcriptomic studies show 507 that strain 195 will continue to produce high transcript levels of pceA regardless of starvation or 508 TCE amendment [90] . Additionally 195 is the only strain to produce PceA in the presence of 509 PCE. Other strains such as CG5 transcribe pceA in the presence of multiple PCB congeners [83] 510 and CBDB1 was found to transcribe pceA in the presence of 2,3-DCP [28, 91] . Thus, the third 511 and fourth observable trend in dehalogenase evolution is mobility, either within or between 512 strains (Table 2) . 513
Gene loss and genomic streamlining in Dehalococcoides mccartyi 514
D. mccartyi genomes are unique in that they are among the smallest genomes found in 515 free-living bacteria (avg. 1.4Mbp and 1451 protein-coding genes). A common theme of all small 516 free-living prokaryotes is their high niche specialization and low-nutrient level environments 517
[92]. The D.mccartyi genome required an extensive period of time to become as specialized and 518 small as it currently is. Wolf et al. 2013 [25] antibiotic resistance genes in the natural environment [93] . 527
Dehalococcoidia pangenome analysis 528
In order to place these new genomes in relation to all of the genomes currently closed 529 from the Dehalococcoidia, we conducted a pangenome analysis using the OrthoMCL method to 530 cluster homologous protein groups. A total of 40,864 protein sequences from 24 D. mccartyi 531 genomes and 5 Dehalogenimonas genomes (2 in draft) available from NCBI were used to create 532 2875 protein families. Of these, 623 are found in all 29 genomes representing the core-genome. 533
The remaining 2203 protein families are part of the accessory-genome with 49 protein families 534 being unique (i.e. only present in one strain) (Table 3 summary, all clusters available in Table S4  535 and S5). The first pangenome analysis conducted in 2010 from four Dehalococcoides genomes 536 available at the time resulted in 1118 core genes, 457 accessory and 486 unique genes [94] . The 537 most striking difference is that amongst the current Dehalococcoidia genomes, the number of 538 unique protein families has been reduced from 486 to 49. A correspondence analysis (CA) was 539 conducted on the protein families to identify the main differences between genomes (Figure 8) . 540 The CA ordination highlights the level of similarity between different strains of Dehalococcoides 541 mccartyi, which could not be distinguished from one another in this analysis with statistical 542 significance. Only the Dehalococcoides and the Dehalogenimonas genus' were significantly 543 different from each other (χ² p-value=0.0004998, Figure S5 ). The Dehalococcoides genomes are 544 different strains from the same species which corresponds with the outcome of the CA 545 ordination, in contrast, the Dehalogenimonas genomes do come from different species, and those 546 differences can be seen both along axis 1 (x-axis) distance from the Dehalococcoides cluster, and 547 along axis 2 (y-axis) differences between the different Dehalogenimonas species (Figure S6 548 C&D). The first two dimensions accounted for 36% of the variation between the genomes (Table  549 S6). The only protein families significantly contributing to both axis one and axis two in the CA 550 ordination were calculated based only on the distribution of protein families in the five 551
Dehalogenimonas genomes (Figure S6 B) . 552
Homologous protein families generated in the Dehalococcoidia pangenome analysis 553 group all Dehalococcoides RdhA OGs and currently unclassified Dehalogenimonas RdhA into 554 only 41 groups with roughly half (19 of 41) containing both Dehalococcoides and 555
Dehalogenimonas RdhA (Table 4) . In other words, 41 protein clusters (or families) contain 556
RdhA sequences, and some of these clusters contain several OGs. These protein families suggest 557 that a Dehalococcoida ancestor could have had at least 41 reductive dehalogenase genes. (Figure 7) , that is also part 567 of homologous protein family cluster I (Table 4) . 568 Figure 1 . Culture composition and Dehalococcoides mccartyi (Dhc) genomes closed from 16S rRNA amplicon sequencing, Illumina sequencing and qPCR of rdhA genes. DNA was extracted from KB-1 & WBC-2 enrichment cultures. The same DNA sample was split and analysed using 16S rRNA amplicon sequencing (bar charts), Illumina paired-end (all) and mate-pair (all except cDCE enrichment) assembly and genomes closed (genomes listed by rank abundance and strain name if closed) and surveyed for presence of rdhA genes using qPCR (final column). Genes found above the detection limit are listed. See supplemental information excel file Table S1 for RdhA of the same OG share >90% amino acid identity. RdhA without a group number are not included but can be found in Tbl.S3. Green and red accents indicate which DNA strand the gene is located on, green being leading strand clockwise from the oriC. The majority of rdhA are on the leading strand. * found in all D. mccartyi strains. See Table S2 for more details
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Figure 5B. Order of rdhA found in high plasticity region two (HPR 2) in twenty-two Dehalococcoides mccartyi genomes labeled by strain name. RdhA are labeled by orthologous group (OG) number. RdhA without a group number are not included but can be found in Tbl.S1. RdhA of the same OG share >90% amino acid identity. Green and red accents indicate which DNA strand the gene is located on, green being leading strant clockwise from the oriC. The majority of rdhA are on the leading strand. HPR2 starts at tRNALeu/Arg/Val approximately 1.2 Mbp from the origin. OG 35 only in strain 195 after tRNA-Ala 1.3Mbp from the origin. + OG known to be expressed during starvation. See Table S2 for more details 
